The centrosome-associated kinase aurora A has been shown to be involved in genetic instability and to be (over)expressed in several human carcinomas. This study investigated aurora A gene copy numbers, mRNA and protein expression as well as tumour cell proliferation and aneuploidy in chromosomal and microsatellite instable sporadic colorectal cancers. Case-matched tissues of normal (n ¼ 71) and dysplastic (n ¼ 49) colorectal epithelium and invasive carcinomas (n ¼ 71) were included in this study. PCR-based microsatellite analysis classified 14/71 (20%) of carcinomas as microsatellite instable. A stepwise increase of aurora A mRNA expression (Po0.0001; quantitative RT-PCR) and aurora A protein expressing tumour cells (P ¼ 0.0141; immunohistochemistry) occurred in the adenoma-carcinoma sequence. Within invasive carcinomas, aurora A mRNA levels (P ¼ 0.0259) and aurora A positive tumour cells (Po0.0001) were closely associated with tumour cell proliferation (Ki-67 specific immunohistochemistry). Compared with chromosomal instable carcinomas, microsatellite instable carcinomas had significantly more aurora A positive tumour cells (P ¼ 0.0043) and a higher tumour cell proliferation (P ¼ 0.0335). In contrast, only chromosomal instable carcinomas exhibited marked tumour cell aneuploidy (P ¼ 0.0004, fluorescence in situ hybridization) and significantly higher aurora A gene copy numbers (P ¼ 0.0206) as compared with microsatellite instable carcinomas. This study further supports a role of aurora A in the carcinogenesis of sporadic colorectal cancers. Moreover, it demonstrates that in a minority of predominantly microsatellite instable carcinomas the presence of aurora A positive tumour cells is merely reflecting tumour cell proliferation. In contrast, the large majority of chromosomal instable carcinomas shows additional (de)regulation of aurora A by gene amplification and concomitant tumour cell aneuploidy. Thus, sporadic colorectal cancers exhibit different mechanisms of aurora A regulation and this may impact the efficacy of aurora-targeted therapies.
The centrosome-associated kinase aurora A has been shown to be involved in genetic instability and to be (over)expressed in several human carcinomas. This study investigated aurora A gene copy numbers, mRNA and protein expression as well as tumour cell proliferation and aneuploidy in chromosomal and microsatellite instable sporadic colorectal cancers. Case-matched tissues of normal (n ¼ 71) and dysplastic (n ¼ 49) colorectal epithelium and invasive carcinomas (n ¼ 71) were included in this study. PCR-based microsatellite analysis classified 14/71 (20%) of carcinomas as microsatellite instable. A stepwise increase of aurora A mRNA expression (Po0.0001; quantitative RT-PCR) and aurora A protein expressing tumour cells (P ¼ 0.0141; immunohistochemistry) occurred in the adenoma-carcinoma sequence. Within invasive carcinomas, aurora A mRNA levels (P ¼ 0.0259) and aurora A positive tumour cells (Po0.0001) were closely associated with tumour cell proliferation (Ki-67 specific immunohistochemistry). Compared with chromosomal instable carcinomas, microsatellite instable carcinomas had significantly more aurora A positive tumour cells (P ¼ 0.0043) and a higher tumour cell proliferation (P ¼ 0.0335). In contrast, only chromosomal instable carcinomas exhibited marked tumour cell aneuploidy (P ¼ 0.0004, fluorescence in situ hybridization) and significantly higher aurora A gene copy numbers (P ¼ 0.0206) as compared with microsatellite instable carcinomas. This study further supports a role of aurora A in the carcinogenesis of sporadic colorectal cancers. Moreover, it demonstrates that in a minority of predominantly microsatellite instable carcinomas the presence of aurora A positive tumour cells is merely reflecting tumour cell proliferation. In contrast, the large majority of chromosomal instable carcinomas shows additional (de)regulation of aurora A by gene amplification and concomitant tumour cell aneuploidy. Thus, sporadic colorectal cancers exhibit different mechanisms of aurora A regulation and this may impact the efficacy of aurora-targeted therapies. Keywords: aurora kinases; sporadic colorectal cancer; aneuploidy; proliferation The development and progression of colorectal cancer is closely linked to increased genetic instability in the malignant cells. [1] [2] [3] In the large majority of sporadic colorectal cancers, genetic instability manifests itself by multiple numerical chromosomal alterations (gene amplifications, deletions) and is referred to as chromosomal instability. [4] [5] [6] In a smaller group of sporadic colorectal cancers, defects of the DNA missmatch repair system lead to microsatellite instability. 7, 8 Chromosomal, but less frequently microsatellite instable colorectal cancers exhibit frequent tumour cell aneuploidy. 4, 9, 10 Whereas the cause for microsatellite instability has clearly been defined to reside in mutations of the mismatch repair genes, the underlying mechanism(s) of chromosomal instability still remain to be fully elucidated. Besides chromosome non-disjunction and/or telomere-related alterations, 11, 12 gross defects in chromosome segregation during cell division may contribute to the development of chromosomal instability and aneuploidy. 13 Indeed, changes in proteins involved in chromosome segregation-so-called chromosomal passenger proteins [14] [15] [16] [17] [18] -and/or proteins involved in mitotic spindle [19] [20] [21] have been associated with the development of aneuploidy in cancer cells. Also, the adenomatosis polyposis coli protein, whose alteration is observed in early colorectal carcinogenesis, 22, 23 has recently been implicated in the control of chromosome segregation during mitosis. [24] [25] [26] [27] Deregulation of chromosome segregation, either directly or indirectly linked to expression and/or modification of adenomatosis polyposis coli, 24, 25, 28 may contribute to the characteristic broad genomic alteration of tumour cell aneuploidy or polyploidy. Moreover, it is by now well established that deregulation of centrosomes may be a key event that contributes to or primarily induces aneuploidy. 29, 30 In particular, supernumerary centrosomes, caused by overexpression of (the numerous) proteins of the centrosome complex, may promote a failure in appropriate chromosome segregation and result in tetra-, poly and/or aneuploid daughter cells.
The protein family of aurora kinases (-A, -B, -C) is involved in the centrosomal complex (aurora A) and in the chromosomal passenger complex (aurora B) [31] [32] [33] [34] and has gained substantial attention in view of its potential therapeutic value in diverse solid tumour entities. [35] [36] [37] [38] In particular, overexpression of aurora A induces supernumerary centrosomes and aneuploidy. [31] [32] [33] [34] 39 In tissue specimens of colorectal cancer, aurora A is amplified and overexpressed as determined by Southern and northern blotting of tissue extracts, 40 by quantitative PCR 41 as well as immunohistochemistry. [42] [43] [44] We recently showed by quantitative RT-PCR that step-wise aurora A mRNA upregulation occurs during colorectal carcinogenesis, especially in chromosomal instable carcinomas. 45 In addition, our array-based comparative genomic hybridisation analysis suggested that chromosomal instable carcinomas exhibit preferential amplification of the aurora A gene locus at 20q13. 46 Similarly, Nishida et al 41 found that microsatellite instable colorectal cancers rarely have aurora A gene amplification, as measured by PCR. By mRNA expression profiling of microdissected invasive cancer cells from formalinfixed and paraffin-embedded colorectal cancers, we recently also detected aurora A as one prominently expressed gene in chromosomal instable tumours. 47 Finally, in vitro, ectopic aurora A overexpression in tumour cells induces aneuploidy 39 and may convert microsatellite instable into aneuploid (chromosomal instable like) colorectal tumour cells. 48 These data clearly point towards differential regulation and expression of aurora A in subtypes of colorectal cancers. Still, the clinically relevant aspect of aurora A 'over'expression has so far been mostly defined by the presence of an elevated number of aurora A positive tumour cells. As aurora A expression also changes tightly within the cell cycle, 49, 50 the previously observed aurora A gene amplification 40, 41 and particularly the aurora A overexpression in colorectal cancers 40, [42] [43] [44] may have been influenced by the fraction of proliferating tumour cells.
The aim of this study was therefore to analyse aurora A expression and regulation in the adenomacarcinoma sequence of sporadic colorectal cancers. Specifically, we tested whether sporadic chromosomal and microsatellite instable carcinomas display differences in aurora A regulation and expression by gene amplification and/or proliferation and whether this is linked to differences of chromosomal and microsatellite instability associated (aneu-)ploidy.
Materials and methods

Patients
The study included formalin-fixed and paraffinembedded specimens of 71 patients resected for sporadic colorectal cancer (median age of patients ¼ 72 years; Table 1 ). Samples of normal colonic mucosa (n ¼ 71, obtained from resection margins), low (n ¼ 36)-and high (n ¼ 13)-grade intraepithelial neoplasia and invasive colorectal carcinomas (n ¼ 71) were included.
Normal epithelium, dysplastic epithelium (adenoma) and invasive carcinoma tissue samples were obtained from primary resection specimens of the same cases. Normal epithelium was obtained from resection margins at least 15 cm away from the invasive carcinomas. Adenomas-if present in the resection specimen-were derived from separate locations at distance from the invasive carcinomas, thereby ruling out a bias due to carcinoma-associated dysplastic lesions.
Data of low-and high-grade intraepithelial neoplasia samples were combined as 'dysplastic epithelium' for statistical purposes. The histopathological characteristics of all patients are displayed in Table 1 , with specific reference to the subgroups of cases with chromosomal and microsatellite instable carcinomas. For classification of microsatellite instable carcinomas, microsatellite analysis was performed by analysis of five microsatellite loci in DNA derived from microdissected tumour cells and normal epithelial cells as before. 45 Three of 71 cases yielded uninformative data and were excluded from statistical analyses addressing differences between chromosomal and microsatellite instability. Appropriate tissues samples were selected after re-classification 51, 52 of hematoxylin and eosin-stained sections by an experienced pathologist (MD), as described before for 41 of the cases. 45, 46 The study had been approved by the local Ethics Committees (#251/04 Ethik-Kommission, Albert-Ludwigs-Universität, Freiburg, Germany; and the University Medicine and Pharmacy, Department of Pathology, Iasi, Romania).
Analysis of Aurora A mRNA Expression
We had previously determined aurora A mRNA levels in 41 cases 45 and in this study examined aurora A mRNA levels of the additional 30 new cases. For this, and as before, 45 RNA extracts of microdissected cell populations (normal or dysplastic epithelial cells, invasive tumour cells) of formalin-fixed and paraffin-embedded tissue specimens were prepared and subjected to quantitative RT-PCR (qRT-PCR) analysis using established protocols 45, 47, 53 and the comparative Ct-method 54 53 and Ki67 55,56 -specific antibodies. In brief, sections were cut, dried and deparaffinized. Antigen retrieval was done by boiling sections in Tris-EDTA buffer pH9 (aurora A) or citrate buffer pH6 (Ki67), followed by incubation with primary antibodies for aurora A (1:50, aurora kinase 2, clone JLM28, Loxo/ Novocastra, Dossenheim, Germany) and Ki67 (clone MIB-1, 1:500; DakoCytomation) for 60 min. Secondary antibodies were incubated for 30 min and detection was with the LSAB-Fast red System (DakoCytomation). Positive controls for aurora A 44 and Ki67 protein stainings were routinely processed formalin-fixed and paraffin-embedded tonsils and negative controls sections were stained by omission of the primary antibody. All stainings were performed on a DAKOAutostainer (DakoCytomation) and evaluated semi-quantitatively in tumour cells with scores for cytoplasmic and nuclear aurora A staining as before 53 ( Figure 1 ) and scores for nuclear Ki67 staining: score 0 ¼ all tumour cells negative, score 1 ¼ o10% tumour cells positive, score 2 ¼ 10-50% tumour cells positive and score 4 ¼ 450% positive. 56 
Analysis of Aurora A Gene Copy Numbers and Aneuploidy by Fluorescence In Situ Hybridisation
Aurora A gene copy numbers 46, 53 and tumour cell aneuploidy were assessed as follows: Serial tissue microarray sections of 5 mm thickness were subjected to deparaffination, pre-treatment in pH6 citrate buffer in a microwave oven (180 W) for The table summarizes the major clinicopathological parameters of the investigated cases and the tissue materials used for all cases as well as for chromosomal and microsatellite instable cases separately. Note: *For three cases, no MSI-status could be obtained; **no neoadjuvant radio/chemotherapy.
LGIN and HGIN ¼ low-and high-grade intraepithelial neoplasia. 20 min and Pronase E (0.05%) digestion for 3 min at 371C. Subsequently, sections were denatured in 2 Â SSC/50% Formamide (room temperature), and 2 Â SSC/70% Formamide (751C, 15 min), immersed in ice cold ethanols (70, 95 and 100%, 5 min each) and dried at 371C. In the meantime, the fluorescence in situ hybridization (FISH) probes had been denatured (751C, 5 min) and were hybridised to the dried sections (16 h, 371C) as follows: Section (i) probe specific for the aurora A gene and centromere 20 (chromosome enumeration probe, CEP20; Chrombios, Raubling, Germany) 46, 53 and section (ii) to (v) probes specific for CEP7, CEP8, CEP11 (Abbott Vysis) and CEP13 (QBiogen). After hybridization, sections were washed in 2 Â SSC (room temperature) and in 2 Â SSC (731C, for 2 min), cover-glassed with DAPI-containing mounting medium (Vector) and stored at À201C until analysis. Stained sections were evaluated on a fluorescence microscope (Axioplan 2 imaging with ApoTome system, Carl Zeiss MicroImaging GmbH, Gö ttingen, Germany) by taking image stacks at 0.5-1.0 mm intervals for each three representative areas per case (63 Â magnification). Image stacks were converted into 3D view by AxioVision software and then assessed for Aurora A-(section i) and centromere-(sections i-v) specific signals.
For aurora A gene copy numbers, FISH data are presented as the mean number of aurora A gene-and CEP-specific signals per tumour cell per case. A mean of 67±21 tumour cells (range, 13-100) were counted per case. The ratio of the mean aurora A gene-to CEP20-specific signals per cell was calculated to assess aurora A gene amplification for each case.
For determination of tumour cell aneuploidy by FISH, 57 first 20 samples of normal colonic epithelium were analysed with FISH probes specific for CEP7, CEP8, CEP11, CEP13, CEP20. The mean CEPspecific signals per normal epithelial cell were (number of cells counted in brackets): CEP7: 2.13 ± 0.2 (n ¼ 131); CEP8: 2.17 ± 0.12 (n ¼ 140); CEP11: 2.23 ± 0.07 (n ¼ 140); CEP13: 2.1 ± 0.18 (n ¼ 130) and CEP20: 2.01±0.11 (n ¼ 98). The mean (2.15) ± 3 standard deviations (3 Â 0.15) of all five CEP-signals per normal epithelial cell was 2.6 and this was set as cut-off for classification of aneuploidy in invasive tumour cells. In invasive carcinomas, a mean of 88 ± 25 tumour cells per case (range, 2-105) were evaluated for the five CEP-signals and the corresponding mean calculated.
Statistics
Statistical evaluation included experimental data of aurora A mRNA (qRT-PCR: dCT values) and protein (immunohistochemistry: scores 0-3) expression, aurora A gene-and CEP20-specific FISH signals, tumour cell proliferation (Ki67-specific immunohistochemistry: scores 0-2), ploidy (diploid or aneuploid) and microsatellite status as well as clinicopathological parameters of tumour T and N category and tumour grading. Samples of low-and highgrade intraepithelial neoplasia were combined as 'dyspastic epithelium' for these analyses and three cases were excluded from comparisons of chromosomal and microsatellite instable cases, due to lacking microsatellite status. Correlations between parameters were performed using the Spearman correlation coefficient. Wilcoxon signed rank test was applied to compare continuous parameters of paired samples. Frequency tables were tested by Fisher's exact test for comparison of binary parameters. A P-value of o0.05 was considered significant.
Results
Aurora A Expression in the Adenoma-Carcinoma Sequence of Sporadic Colorectal Cancer
Aurora A mRNA and protein expression was determined in case-matched normal and dysplastic epithelium and invasive carcinomas of 71 cases with sporadic colorectal cancer. 45, 46 As shown in Figure 2a and Table 2 , significant upregulation of aurora A mRNA expression occurred between normal and dysplastic epithelium (P ¼ 0.0008) as well as between dysplastic epithelium and invasive carcinoma (P ¼ 0.0001). Aurora A mRNA expression was significantly higher in invasive carcinomas than normal epithelium (Po0.0001). Similarly, the frequency of aurora A protein expressing (hereafter referred to as 'aurora A positive') cells increased significantly from dysplastic epithelium to invasive carcinoma (P ¼ 0.0027) and was markedly higher in invasive carcinomas as compared with normal epithelium (P ¼ 0.001) (Figures 1 and 2b ; Table 2 ). There were, however, no significant differences in the number of aurora A positive cells in normal and dysplastic epithelium (P ¼ 1.000).
In invasive carcinomas, aurora A mRNA expression and aurora A positive tumour cells were significantly correlated between each other (P ¼ 0.0151). High numbers of aurora A positive tumour cells were preferentially found in nodenegative cases (pN0 category; P ¼ 0.0419) but were not associated with pT category (P ¼ 0.9316) or tumour grading (P ¼ 0.5864).
Analysis of Aurora A Gene Copy Numbers and Tumour Cell (Aneu)ploidy
To examine aurora A gene copy numbers and tumour cell ploidy, 4, 9, 10, 34, 35, 39, 40 serial sections of 39/71 invasive carcinomas in which aurora A expression had been measured, were subjected to established FISH-based analyses. 46, 53, 57 Aurora A in sporadic colorectal cancers
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As exemplarily shown in Figure 3a Having defined a cut-off for aneuploidy by analysis of the five CEP probes in normal epithelial cells (cut-off ¼ 2.6, Materials and methods), 20/39 (51.3%) of invasive carcinomas showed marked aneuploidy (Figure 3e ; Table 3 ). Elevated aurora A gene-(P ¼ 0.0001) and CEP20-(P ¼ 0.0002) specific FISH signals were significantly linked to tumour cell aneuploidy (Figure 3e ).
Comparison of Chromosomal-and Microsatellite Instable Sporadic Colorectal Carcinomas
Alterations of chromosome 20q13 and/or the aurora A gene appear to occur preferentially in (aneuploid 4,9,10 ) chromosomal instable colorectal cancers. [39] [40] [41] [42] 46, 48 We therefore compared ploidy and aurora A specific DNA, mRNA and protein levels in chromosomal (n ¼ 30) versus microsatellite (n ¼ 10) instable sporadic colorectal carcinomas.
Aneuploidy was exclusively seen in invasive carcinomas with chromosomal (20/30; 67%), but not microsatellite (0/10; 0%) instability (P ¼ 0.0004; Figure 3e ; Table 3 ). In addition, chromosomal instable invasive carcinomas exhibited significantly higher aurora A specific FISH signals (range, 2.18-14.40) as compared with microsatellite instable invasive carcinomas (range, 2.70-4.30) (P ¼ 0.0206; Figure 3e ; Table 3 ). CEP20-specific FISH signals also tended to be elevated in chromosomal instable invasive carcinomas (Figure 3e ; Table 3 ), but this did not reach significance (P ¼ 0.0853).
Whereas we did not detect a significant difference between sporadic chromosomal and microsatellite instable invasive carcinomas at the aurora A mRNA level (P ¼ 0.8427), surprisingly microsatellite instable invasive carcinomas displayed significantly higher numbers of aurora A positive tumour cells (P ¼ 0.0043; Figure 4a ).
Correlation of Aurora A Expression to Tumour Cell Proliferation
Since aurora A function is tightly associated with the cell cycle, 49, 50 we next examined whether the high number of aurora A positive tumour cells in microsatellite instable invasive carcinomas is simply reflecting a high rate of tumour cell proliferation.
Indeed, by semi-quantitative evaluation of tumour cell proliferation using Ki67-specific immunohistochemistry, 55 ,56 microsatellite instable invasive carcinomas exhibited significantly higher tumour cell proliferation as chromosomal instable invasive carcinomas (P ¼ 0.0335, Figure 4b ), an observation previously reported by others. 58 Moreover, aurora A mRNA (P ¼ 0.0259) and protein (Po0.0001) expression was closely linked to tumour cell proliferation.
Discussion
In sporadic colorectal cancers, chromosomal instability occurs in up to 80% of cases and manifests with broad genomic and gene-specific copy number changes as well as with overall tumour cell aneuploidy. [1] [2] [3] [4] [5] [6] 9, 10 The detailed mechanism(s) of chromosomal instability still remain to be fully elucidated, but gross defects in chromosome segregation appear to be involved. 13 As such, changes in proteins of the so-called chromosomal passenger complex and/or proteins involved in mitotic spindle function have been associated with the development of aneuploidy in cancer cells. [13] [14] [15] [16] [17] [18] [19] [20] [21] Moreover, proteins of the centrosomal complex have received substantial experimental attention as key regulators of cellular ploidy. 29, 30 Alteration of the centrosomal kinase aurora A 31-34 by gene amplification and/or overexpression has been associated with induction of supernumerary centrosomes and/or aneuploidy in several gastrointestinal, eg esophageal, 59 gastric, 60 as well as gynaecological 53, 61, 62 carcinomas.
In particular, aurora A overexpression has also been observed in colorectal cancer cell lines and/or tissues, in which it is linked to aneuploidy. [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] However, a precise investigation of aurora A expression at the RNA and protein level within the adenoma-carcinoma sequence, and/or within the different subtypes of chromosomal and microsatellite instable sporadic colorectal cancers has so far not been preformed. Moreover, it is still unclear whether aurora A overexpression in colorectal cancers is merely a reflection of tumour cell proliferation 49, 50 and, in this context, has no effects on chromosomal instability and/or aneuploidy. This central question still needs to be answered in view of the ongoing discussion of therapeutically targeting aurora kinases in solid tumours. [35] [36] [37] [38] It is conceivable that differential aurora A regulation and expression may effect the efficacy of aurora inhibitors: for example, colorectal cancers with high numbers of tumour cells only seemingly 'over'expressing aurora A due to active proliferation, may respond differently to aurora inhibitors as compared with colorectal cancers with few aurora A positive tumour cells, but in which aurora A expression is associated with gene amplification, aberrant centrosome function and/or chromosomal instability. In this study, we therefore addressed these aspects in 71 cases of sporadic colorectal cancers, focussing on chromosomal and microsatellite instable invasive carcinomas.
Our current data supports previous findings [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] that, in general, aurora A overexpression occurs at the mRNA and protein level in invasive colorectal cancers. In the adenoma-carcinoma sequence, the first increase of aurora A mRNA expression occurs at the transition of normal to dysplastic epithelium, but significant aurora A protein overexpression does only take place at the transition from dysplastic epithelium to invasive carcinoma. Statistical comparison of aurora A mRNA or protein expression between the samples of low-and high-grade intraepithelial neoplasia revealed no significant differences and these tissue samples had therefore been combined as 'dysplastic epithelium'. The observed lack of a close association of aurora A mRNA and proteins levels in dysplastic epithelium may be due to potential post-transcriptional modifications and, in particular, aurora A protein dynamics. 63, 64 Together, these results may in part reflect a general increase of proliferating dysplastic and/or invasive tumour cells. However, as low level of aurora A gene amplification (aurora A /CEP20 ratio 41.25) was clearly present in 40% of invasive carcinomas, additional levels of aurora A regulation appear to be involved in sporadic colorectal cancers. Indeed, comparative analyses between chromosomal and microsatellite instable invasive carcinomas strengthened the hypothesis that (de)regulation of aurora A expression occurs-uncoupled from proliferation-also at the level of aurora A gene copy numbers. Our detailed FISH analysis of serial tissue specimens of invasive carcinomas revealed that this occurs exclusively in those with chromosomal instability 45, 46 and correlates with aneuploidy. 39, 41, 46, 48 Surprisingly, our analyses revealed that, despite aneuploidy and increased aurora A gene copy numbers in chromosomal The table summarizes the findings of qRT-PCR and immunohistochemical analyses for aurora A mRNA and protein expression in normal and dysplastic epithelium and invasive carcinomas. Aurora A mRNA: The number of cases (n/N, percentage) with acceptable qRT-PCR results and mean relative aurora A mRNA levels (mean ± s.d.) are given for low-(LGIN) and high (HGIN)-grade intraepithelial neoplasia and invasive carcinomas as compared with normal epithelium (set to '1'). Aurora A protein expression is presented as the frequency, given as number/N (percentage), of samples for each immunohistochemistry score. Note that there were no marked differences between samples of low-and highgrade intraepithelial neoplasia (mRNA: P-value ¼ 0.530; protein: P-value ¼ 0.085), which were therefore combined as 'dysplastic epithelium' for further analyses (Figure 2 , main text). instable invasive carcinomas, the microsatellite instable invasive carcinomas had significantly more aurora A positive tumour cells, whilst there were no significant differences between chromosomal and microsatellite instable invasive carcinomas at the aurora A mRNA level. Aurora A expression and associated regulatory mechanisms of post-transcriptional modifications and/or protein stability may be distinct in chromosomal and microsatellite instable invasive carcinomas, especially in view of aurora A gene amplification in chromosomal instable invasive carcinomas. However, more importantly, we asked whether this frequently described aurora A 'over' expression [40] [41] [42] [43] [44] is regulated by tumour cell Figure 1 for examples of IHC and Figure 3 for examples of FISH).
proliferation, especially since aurora A is an essential part of the cell cycle machinery 49, 50 and since microsatellite instable colorectal cancers show an increased rate of tumour cell proliferation. 58 This increase in proliferation may be accompanied by increased aurora A protein activity and/or stability explaining why only aurora A protein, but not mRNA levels were different between chromosomal and microsatellite instable invasive carcinomas. Indeed, also in our series of sporadic colorectal cancers microsatellite instable invasive carcinomas exhibited a higher frequency of Ki67 positive tumour cells, respective increased tumour cell proliferation on comparison to chromosomal instable invasive carcinomas. Moreover, we showed that the presence of aurora A positive tumour cells was significantly correlated with tumour cell proliferation. Taken together, we reason that aurora A (over)expression is tightly associated and regulated by tumour cell proliferation in microsatellite instable sporadic colorectal cancers, whereas an additional level of (de)regulation of aurora A (over)-expression occurs at the DNA level in chromosomal instable sporadic colorectal cancers. In fact, strong aurora A expression can be seen in both microsatellite and chromosomal instable invasive carcinomas-only in a different frequency of tumour cells. This might introduce a measurements bias of aurora A levels obtained from whole populations of colorectal cancer cell lines and/or entire tumour extracts. 41, 48 Further to the difference of aurora A expression and regulation at the level of specific molecular subtypes of colorectal cancer cells, the heterogeneity of aurora A within individual colorectal cancers requires further attention. In particular, it has been recently shown that aurora A is functionally linked with signalling mechanisms of cell polarity, 65 suggesting that aurora A may also play a role at the invasive tumour edge. Thus, further studies, for example, clinical phase trials of aurora inhibitors, should also include early/prospective in situ analyses of individual tumour cells in tissue specimens.
Clearly, as suggested before, 44, 66, 67 strong aurora A expression alone does not suffice to induce chromosomal instability and/or aneuploidy, as observed in this study for diploid microsatellite instable sporadic colorectal cancers. In contrast, the close association of-and rather moderate-aurora A expression with aneuploidy in chromosomal instable sporadic colorectal cancers points to the involvement of e.g. additional defects of checkpoint controls. Thus, within the chromosomal instable invasive carcinomas it might be those with defective p53 signalling 66, 67 or other checkpoint controls, 44 in which-also marginally-elevated aurora A expression is able to trigger overt aneuploidy. In this case, the effect of aurora (-A) inhibitors may be less efficient than in aurora A expressing tumour cells without additional defective checkpoint controls. In addition, it is reasonable that the activation status of aurora A, controlled by phosphorylation as well as protein stability 64 , may introduce a further functional level affecting successful aurora (-A) inhibition and tumour cell death. 68 In this context, functional investigations of inactive/active aurora A protein levels as well as other centrosomal and chromosomal passenger complex [13] [14] [15] [16] [17] [18] [19] [20] [21] proteins in chromosomal and microsatellite instable colorectal tumour cell lines with specific reference to their interaction with the p53 66 and adenomatosis polyposis coli 24, 25 pathways, will certainly be a worthwhile effort and are subject of our ongoing in vitro investigations.
Irrespective of the potential differential therapeutic response of chromosomal and microsatellite instable colorectal cancers to aurora A inhibitors, this study shows that between 42 and 85% of sporadic colorectal cancer cases may be considered for novel, aurora-targeted therapies. [35] [36] [37] [38] Whereas previous studies have analysed the antitumoural effect of aurora inhibitors, targeting both aurora A and aurora B, in a recent study, Manfredi et al 69 have Figure 4 Comparison of aurora A protein expression and tumour cell proliferation in chromosomal and microsatellite instable sporadic colorectal cancers. The figure summarizes results of aurora A-(a) and Ki-67-(b) specific immunohistochemistry in chromosomal and microsatellite instable invasive carcinomas. Note that high aurora A-and Ki67-scores were significantly more frequent in microsatellite instable as compared with chromosomal instable invasive carcinomas (marked by brackets and ***; Pvalues are given in the main text).
evaluated the antitumour activity of an aurora A specific inhibitor, which has also entered phase I clinical trials for solid tumours. Specifically, the authors had included three colorectal cancer cell lines in their study, two of which are microsatellite instable (HCT-116, DLD-1) and one of which is chromosomal instable (SW480). In HCT116 cells, the mechanism of action of the tested compound was a reduction of aurora A activity, but not aurora A degradation or down-regulation. The reduced phosphorylation of aurora A led to cell cycle progression delay and tumour cell growth inhibition in vitro as well as to a high efficacy for growth inhibition of in vivo HCT116 xenografts. This is in accordance with our data on aurora A expression and deregulation in microsatellite instable sporadic colorectal cancers. A detailed comparison of the effects of this aurora A inhibitor in chromosomal and microsatellite instable colorectal cancer cell lines, potentially also showing differences in mitotic checkpoint controls, 44, 66, 67 will be a valuable experimental setup before further clinical testing.
Besides, aurora A expression in colorectal cancers may also be a valuable predictive marker for current therapeutic strategies, as shown for other epithelial tumours 53, 67, 70, 71 or in the neoadjuvant setting of rectal cancer. 72 In fact, we found a weak association of high aurora A protein expression with nodenegative colorectal cancer cases. One explanation may be that during migration (tumour) cells downregulate their proliferative activity and hence aurora A expression. Therefore, the high proliferation rate and/or presence of high numbers of aurora A positive cells may reflect a non-migratory phenotype of colorectal cancer, ie the node-negative cases. Clearly, further studies need to address the prognostic and predictive impact of aurora A expression in view of clinical UICC stages.
In summary, this study further supports a role of aurora A in the carcinogenesis of sporadic colorectal cancers. Moreover, it demonstrates that in a minority of predominantly microsatellite instable sporadic colorectal cancers, the presence of aurora A positive tumour cells is merely reflecting tumour cell proliferation. In contrast, the large majority of chromosomal instable sporadic colorectal cancers shows additional (de)regulation of aurora A by gene amplification and concomitant tumour cell aneuploidy. Thus, sporadic colorectal cancers exhibit different mechanism of aurora A regulation and this may impact the efficacy of aurora-targeted therapies and/or may influence the associated therapeutic protocols.
